Introduction
An attractive option for replacing greenhouse gas-producing fossil fuels is molecular H 2 , provided that it is produced in a clean and renewable way. Many organisms including bacteria, archaea and some unicellular eukaryotes possess an active hydrogen metabolism Müller 1998, Rotte et al. 2000) , but the most promising are photosynthetic microalgae such as the unicellular green alga Chlamydomonas reinhardtii because they possess the potential to meet the future energy demand (Liebgott et al. 2011) .
In nature, C. reinhardtii can photolyze H 2 O to produce H 2 using hydrogenase (hereafter referred to as H 2 ase) coupled to the photosynthetic machinery Happe 2011, Grewe et al. 2014) . However, this is a transient process that occurs usually within a few minutes during the transition from dark to light (Gaffron and Rubin 1942) , because of inactivation of H 2 ase by O 2 (Happe et al. 1994 , Ghirardi et al. 1997 , Happe and Kaminski 2002 , Stripp et al. 2009 ). In the dark, cellular respiration can create anaerobic environments that activate H 2 ase , Melis et al. 2000 . At that moment of transition from darkness to light, the photosynthetic electrons originating from the photooxidation reaction of H 2 O in the PSII reaction center can be transferred to H 2 ase to produce H 2 . However, the O 2 generated from the PSII complex quickly inactivates H 2 ase (Eroglu and Melis 2011 ). Therefore, to improve H 2 photoproduction and to meet future energy demand, it is necessary to create an anaerobic condition in C. reinhardtii.
A strategy to create an anaerobic environment has been successfully developed by culturing C. reinhardtii in a sulfur-deprived medium (Melis et al. 2000) . After about 1 d of sulfur deprivation, the O 2 evolved by PSII decreases to the level of O 2 consumption by respiration (Melis et al. 2000 , Antal et al. 2003 . After this point, the environment of the algal culture is converted from aerobic to anaerobic conditions. This conversion activates H 2 ase and initiates H 2 photoproduction (Melis et al. 2000 , Kosourov et al. 2002 , in which its yield was influenced significantly by light intensity (Kim et al. 2006) . In contrast, NaHSO 3 treatment is another strategy to create an anaerobic environment (Wang et al. 2010 ). In the strategy, however, the mechanism of removing O 2 by bisulfite and the effect of light intensity on H 2 production are unclear.
In this study, we found that light intensity affected the yield of H 2 production and the level of O 2 in the background of NaHSO 3 treatment. We demonstrated that NaHSO 3 could remove O 2 via a reaction of bisulfite with superoxide anions produced at the acceptor side of PSI, and light intensity affected the reaction rate significantly. We further demonstrated that light intensity is an important factor to create anaerobic environments and consequently to activate H 2 ase and produce H 2 in NaHSO 3 -treated C. reinhardtii.
Results
Light intensity affects the yield of H 2 production in NaHSO 3 -treated cells
To test whether the intensity of light affected the yield of H 2 production in NaHSO 3 -treated C. reinhardtii, we monitored the levels of accumulated H 2 in NaHSO 3 -treated and untreated cells illuminated with different intensities of light. Compared with the untreated cells, treatment with NaHSO 3 enhanced the levels of H 2 production upon exposure of cells to all intensities (Fig. 1A) , and confirmed the fact that treatment with NaHSO 3 can enhance H 2 photoproduction in C. reinhardtii . However, the extent of enhancement differed drastically (Fig. 1A) . Specifically, the extent of enhanced H 2 production was the maximum when NaHSO 3 -treated cells were exposed to an intensity of about 200 mEm À2 s À1 (blue line in Fig. 1A ). An upward or downward shift in the light intensity gradually led to a decrease in the enhanced extent of H 2 production in NaHSO 3 -treated cells (Fig. 1A) . Therefore, light intensity affected the yield of H 2 photoproduction in the background of NaHSO 3 treatment.
We also compared the rates of H 2 photoproduction after 13 mM NaHSO 3 was added to the cultures, and then illuminated the cultures with different intensities of light for 12 h. As shown in Fig. 1B , the changes in the rates of H 2 photoproduction are reflected as a parabolic curve. Specifically, an optimum intensity for the rates of H 2 production was between 100 and 200 mEm À2 s À1 (a fitted value for the maximal H 2 production rate is about 160 mEm À2 s À1 ). An upward or downward shift in the light intensity gradually resulted in a decreased rate of H 2 production (Fig. 1B) , being consistent with the results of changes in accumulated H 2 photoproduction (Fig. 1A) . We therefore concluded that sufficient light but not excess light is essential for efficient photoproduction of H 2 in NaHSO 3 -treated C. reinhardtii cells.
Light intensity influences the content of O 2 in NaHSO 3 -treated cells
Oxygen content plays a vital role in H 2 photoproduction in C. reinhardtii because H 2 ase is extremely sensitive to O 2 molecules (Happe et al. 1994 , Ghirardi et al. 1997 , Happe and Kaminski 2002 , Stripp et al. 2009 ). To determine whether light intensity can influence the O 2 content in the background of NaHSO 3 treatment, thereby affecting the expression and activity of H 2 ase and the yield of H 2 photoproduction, we measured the amount of dissolved oxygen (DO) in the cultures with and without NaHSO 3 upon exposure of cells to different intensities of light. Fig. 2 showed that treatment with NaHSO 3 decreased the amounts of DO in the cultures when compared with the untreated cells regardless of different intensities of light. In the background of NaHSO 3 treatment, illumination with high light (HL; 160 mEm À2 s
À1
) and strong light (SL; 500 mEm À2 s
) but not low light (LL; 25 mEm À2 s
) can create an anaerobic environment (Fig. 2) . It is noteworthy that in the LL cultures, the addition of NaHSO 3 evidently suppressed the increasing DO level and showed a delayed DO rise (Fig. 2) . Further, the rate of conversion from aerobic to anaerobic environments caused by NaHSO 3 treatment under SL was slightly faster than that under HL ( Supplementary Fig. S1 ). All these results supported the view that light intensity evidently influenced the O 2 content in the background of NaHSO 3 treatment.
The content of O 2 under different light intensities affects the expression and activity of H 2 ase in NaHSO 3 -treated cells
To reveal the effect of O 2 content under different light intensities on the expression and activity of H 2 ase, we measured the Fig. 1 Effect of different light intensities on H 2 production in NaHSO 3 -treated C. reinhardtii. Light intensity influences the accumulated levels (A) and the rates (B) of H 2 production in NaHSO 3 -treated cells. The levels of H 2 accumulated at different light intensities and designated time points were each standardized to 300 mg of Chl (initial concentration) and the rate of H 2 production was determined after the addition of 13 mM NaHSO 3 to the cultures for 12 h. LL, HL and SL indicate low light, high light and strong light intensities, respectively. Values are means ± SD (n = 6). expression and activity of the enzyme in NaHSO 3 -treated cells illuminated with LL, HL and SL. As expected, the amount of H 2 ase under HL and SL was higher than that under LL, regardless of only a small increase in the level of H 2 ase under SL, as deduced from the protein abundance of catalytic subunit of H 2 ase (HydA) (Fig. 3A) . This finding was supported by the results of H 2 ase activity in vivo (Fig. 3B ) and in vitro (Fig.  3C) . These results suggest that the content of O 2 under different light intensities has an important effect on the expression and activity of H 2 ase in the background of NaHSO 3 treatment.
Sufficient light is required to remove O 2 efficiently via bisulfite photooxidation
To clarify how light intensity affected the content of O 2 in the background of NaHSO 3 treatment, it is necessary to probe the mechanism by which NaHSO 3 removed O 2 molecules. Compared with the transition from intense light (1,000 mEm À2 s
À1
) to darkness, the switch from darkness to intense light resulted in a rapid and significant increase in O 2 consumption after the addition of NaHSO 3 to the cultures (Fig. 4A, left) . Such a rapid and significant increase in O 2 consumption can be completely abolished by the addition of either DCMU (Fig. 4A, middle) or superoxide dismutase (SOD) (Fig. 4A, right) to the cultures. It is well known that intense light can induce the production of superoxide anion (O À 2 ) at the acceptor side of PSI, but DCMU can impede the production of O À 2 induced by intense light via blocking the transfer of electrons from PSII to PSI, and SOD can scavenge these O À 2 molecules produced under intense light, as schematically Fig. 4 Effect of light-dark transitions on the rate of oxygen consumption in NaHSO 3 -treated C. reinhardtii. (A) The Chl concentration was adjusted to 10 mg ml À1 before measurement. Where indicated, 10 mM DCMU (middle) and 125 nM SOD (right) were added in the dark 1 min prior to the measurement, and ethanol or TAP medium (left) was taken as a control of DCMU or SOD, because DCMU and SOD were dissolved in ethanol and TAP medium, respectively. After the addition of 2.5 mM NaHSO 3 to the cultures, the measurement was immediately started. Red and black lines indicate that cells were illuminated with intense light (1,000 mEm À2 s
) and without, respectively, and the changes in oxygen consumption could be only recorded in between both gray dashed lines. (B) Schematic representing the effect of DCMU and SOD on the superoxide anion (O À 2 ) produced under intense light. represented in Fig. 4B . Therefore, we can conclude that NaHSO 3 is able to remove O 2 molecules in intact cells of C. reinhardtii via the reaction of bisulfite with O À 2 produced at the acceptor side of PSI to generate sulfate, as previously reported in spinach chloroplast (Asada and Kiso 1973) and tobacco thylakoids (Wu et al. 2011 ). This conclusion was supported by the findings that the concentration of sulfate was significantly increased under HL conditions after the addition of NaHSO 3 to the cultures for 12 h (Supplementary Table S1 ). We named the mechanism of removal of O 2 molecules as bisulfite photooxidation, since operation of this mechanism requires light irradiation and oxidation reaction of bisulfite.
We further compared the levels of both bisulfite photooxidation and DO under different intensities of light. As shown in Fig. 5 , the photooxidation levels of bisulfite gradually increased but the concentrations of DO in the cultures slowly decreased with the increase in light intensity. This clearly indicates that sufficient light is required to create an anaerobic environment via starting an efficient bisulfite photooxidation rate, which is important to activate H 2 ase and promote H 2 photoproduction in NaHSO 3 -treated C. reinhardtii.
Discussion
Whether NaHSO 3 treatment promotes photosynthesis or H 2 photoproduction depends on its concentrations: NaHSO 3 in a low amount improves photosynthetic efficiency (Wang et al. 2000a , Wang et al. 2000b , Wang et al. 2003 , Guo et al. 2006 , Yang et al. 2008 ) but in a moderate amount can enhance the yield of H 2 photoproduction (Wang et al. 2010 . Wang et al. (2003) demonstrate that low concentrations of NaHSO 3 increase cyclic photophosphorylation and consequently improve photosynthesis via optimizing the ATP/ NADPH ratio. However, the reason why a moderate amount of NaHSO 3 can enhance H 2 photoproduction in microalgae remains elusive. The results of this study demonstrate that under sufficient light, a moderate amount of NaHSO 3 can remove O 2 efficiently in intact cells of C. reinhardtii via bisulfite photooxidation (Figs. 2, 4, 5) , namely the reaction of bisulfite with O À 2 produced at the acceptor side of PSI to generate sulfate ( Supplementary Table S1 ), as schematically represented in Fig. 6 . This may explain the reason why a moderate amount of NaHSO 3 can activate H 2 ase and promote H 2 photoproduction under conditions of sufficient light (Figs. 1, 3) .
The results of this study further demonstrate that the rate of bisulfite photooxidation depends on the intensity of light, and thus illumination with sufficient light including HL and SL can rapidly create an anaerobic environment because they can initiate an efficient rate of bisulfite photooxidation (Figs. 5, 6) . Moreover, the rate of conversion from aerobic to anaerobic environments under SL was slightly faster than that under HL ( Supplementary Fig. S1 ). Unexpectedly, the expression of H 2 ase under SL is lower than that under HL (Fig. 3A) . This implies that in addition to O 2 , other factors such as ATP may also affect the expression of H 2 ase under SL, in which a majority of ATP is recruited to resist such stressful conditions. Moreover, the ATP level under SL may be less than that under HL, since the rates of linear electron transport ( Supplementary Fig. 2 ) and cyclic electron transport around PSI (Supplementary Table  S2 ) , two main sources of ATP production during photosynthesis, are slower under SL than that under HL. Thus, it appears plausible that the shortage of ATP under SL limits the production of H 2 ase. In addition, a low electron source may also limit the photoproduction of H 2 in C. reinhardtii, since SL irradiation suppresses the PSII activity significantly ( Supplementary Fig. S3 ).
Illumination with LL cannot create an anaerobic environment because of a low rate of bisulfite photooxidation (Figs. 2,  5, 6 ), thereby suppressing the expression and activity of H 2 ase and consequently H 2 photoproduction (Figs. 1, 3) . In addition, a low intensity of light resulted in a low electron source for H 2 photoproduction ( Supplementary Fig. S2 ), regardless of the presence of a high PSII activity in LL (Supplementary Fig. S3 ). Besides a high O 2 content, thus, the low electron source may Fig. 5 Effect of different light intensities on the bisulfite photooxidation level and dissolved oxygen (DO) content in NaHSO 3 -treated C. reinhardtii. The Chl concentration was adjusted to 10 mg ml À1 before measurement and 2.5 mM of NaHSO 3 was added to the cultures to start the bisulfite photooxidation reaction. The bisulfite photooxidation value was calculated as the rate of O 2 consumption in light minus that in darkness. Values are means ± SD (n = 6). also be an important factor to limit the yield of H 2 photoproduction under LL. Taking all these results together, we can conclude that light intensity is an important factor for biological hydrogen production in NaHSO 3 -treated C. reinhardtii.
Although the NaHSO 3 treatment strategy significantly enhanced the yield of H 2 photoproduction in C. reinhardtii, specifically under HL (Fig. 1) , the yield still cannot satisfy the demand of industrial production. A major reason may be the result of an evident loss of PSII activity by NaHSO 3 addition, which limits the yield of H 2 photoproduction in C. reinhardtii, just like the sulfur deprivation strategy (Melis et al. 2000) . Furthermore, as deduced from the accumulation of LHCSR3 under NaHSO 3 addition and HL ( Supplementary Fig. S4 ), the evident loss of PSII activity cannot be attributed to changes in the function of the known qE mechanism (Peers et al. 2009 ) but possibly to the structural fragility of PSII induced by NaHSO 3 addition because of its chemical toxicity (Kobayashi et al. 2015) . In addition, the removal of O 2 in NaHSO 3 -treated cells is not caused by the evident loss of PSII activity as seen by a comparison of the results of a rapidly decreasing DO concentration to zero ( Supplementary Fig. S1 ) and an almost unimpaired F v /F m value ( Supplementary Fig. S5 ) under HL after NaHSO 3 was added to the cultures for about 300 s, corroborating our model that in the NaHSO 3 treatment strategy, O 2 removal is caused by bisulfite photooxidation and not by PSII inactivation, distinct from the sulfur deprivation strategy (Melis et al. 2000) .
Materials and Methods

Culture conditions
Chlamydomonas reinhardtii cells (CC-503 strain) were cultured at 25 C in Trisacetate-phosphate (TAP) medium (Harris 1989) . The medium was buffered with Tris-HCl (20 mM; pH 7.3), bubbled with air under continuous illumination with cool-white fluorescent lamps (40 mEm À2 s À1 ), and inoculated with approximately 8.1Â10 4 cells ml À1 of C. reinhardtii (inoculum size, 1%).
NaHSO 3 treatment
Chlamydomonas reinhardtii cells were continuously illuminated by growth light of 40 mEm À2 s À1 and were cultured in 0.5 liter of TAP medium for 2 d with bubble aeration (A 750 = 0.8À1.0), after which a fixed volume of cells containing 300 mg of Chl was transferred to 60 ml serum bottles (30 ml of head space and 30 ml of cells) with rubber seals. After cells were statically pre-cultured under different intensities of light for 36 h and were shaken once by hand every 6 h, 13 mM NaHSO 3 was added to the serum bottles. Subsequently, the cells were continuously treated at the designated intensities of light, i.e. 0, 25, 50, 100, 160, 200, 300, 500 or 800 mEm À2 s
À1
, to induce the production of H 2 .
Monitoring H 2 photoproduction
At pre-determined time intervals, 200 ml gas samples were withdrawn from the bottles using a gas-tight syringe and injected into a gas chromatograph (Agilent 7890A; Agilent Technologies Inc.) with a thermal conductivity detector for determining the concentrations of H 2 , O 2 and N 2 simultaneously. The column was a molecular sieve column (type 5Å ; 2 mÂ1/8 mm). Argon was used as the carrier gas. The amounts of H 2 accumulated at different light intensities and designated time points (see Fig. 1A ) were each standardized to 300 mg of Chl (initial concentration; see above).
Dissolved oxygen measurement
A DO meter (Orion Star A213, Thermo Scientific) was used to monitor the DO attenuation process after the addition of NaHSO 3 to the cultures of C. reinhardtii at different light intensities. The DO meter was corrected before each measurement. The DO meter probe was placed in the middle of the cultures and the data recorded at different times.
Crude protein extract and immunoblotting analysis
To obtain crude protein extracts of C. reinhardtii, cells were harvested by centrifugation at 5,000Âg for 2 min at 4 C. The cell pellet was resuspended in 50 mM Tris-HCl pH 8.3 plus 1% Triton X-100 and the suspension was shaken for 30 min in the dark . Subsequently, the homogenate was centrifuged at 5,000Âg for 5 min at 4 C to remove unbroken cells and debris. A 200 ml aliquot of the supernatant was mixed with 100 ml of protein lysis buffer [2 M urea; 0.5 M Tris-HCl pH 8.0; 20% glycerol; 7.5% SDS; 2% (v/v) mercaptoethanol; 0.05% (w/v) bromphenol blue] and heated for 5 min at 95 C. After centrifugation at 12,000Âg for 10 min at 4 C, the crude protein extracts were loaded onto the gels. SDS-PAGE was conducted as described before (Laemmli and Favre 1973 ) using a 10% (w/v) separating gel. Immunoblotting was performed with an enhanced chemiluminescence (ECL) assay kit (Amersham Pharmacia Biotech) according to the manufacturer's protocol. Antibodies against HydA, LHCSR3 and a-tubulin were purchased from Agrisera Co.
H 2 ase activity assay
In vivo and in vitro H 2 ase activity was monitored using a previously described method (Kosourov et al. 2003 , Rühle et al. 2008 , Wang et al. 2010 , Wei et al. 2013 ) with some modifications. In brief, 1 ml cell suspension samples upon exposure to LL, HL and SL were withdrawn anaerobically from the 60 ml serum bottles at the designated times (see Fig. 3B , C) and then injected into 10 ml glass vials. To measure in vivo H 2 ase activity, the samples were immediately purged with argon gas for 1 min to eliminate the inhibitory effect of O 2 on H 2 ase activity. The samples were then placed in a 25 C water bath for 1 h and shaken continuously (150 r.p.m.) whilst exposed to constant light of 25, 160 or 500 mEm À2 s
À1
. To measure in vitro H 2 ase activity, we used vials containing 1 ml of 10 mM oxidized methyl viologen prepared in O 2 -free 50 mM Tris buffer (for pH 7.1À9.0) and 0.2% (w/v) Triton X-100. The reaction was started when methyl viologen was reduced by the addition of 100 ml of 100 mM anaerobic sodium dithionite in 0.03 N NaOH. The assay was performed at 37 C in the dark for 20 min. We determined the amount of produced H 2 in the headspace of the glass vial by gas chromatography, and the rate of H 2 production was calculated on the basis of the total Chl content in the glass vial, unless otherwise indicated.
Oxygen exchange
Light-induced oxygen uptake in intact cells of C. reinhardtii was determined at 25 C by the oxygen consumption using a Clark-type oxygen electrode (Hansatech Instruments) as described previously (Asada and Kiso 1973, Wu et al. 2011) . The intact cells of C. reinhardtii were pre-illuminated by red light (>630 nm; 10,000 mEm À2 s À1 ) for 2 min before illumination by the same light to measure the oxygen consumption.
Chl fluorescence and P700 analysis
The yields of Chl fluorescence at the steady state of electron transport were measured at room temperature by using a Dual-PAM-100 monitoring system (Walz) equipped with an ED-101US/MD unit (Schreiber et al. 1986 , Ma et al. 2008 . Minimal fluorescence at open PSII centers in the dark-adapted state (F o ) was excited by a weak measuring light (650 nm) at a photon flux density of 0.05À0.15 mEm À2 s
À1
. A saturating pulse of red light (600 ms, 10,000 mEm À2 s
) was applied to determine the maximal fluorescence at closed PSII centers in the dark-adapted state (F m ) and during actinic light illumination (F m '). The steady-state fluorescence level (F s ) was recorded during actinic light illumination (200 mEm À2 s
). F v /F m was evaluated as (F m À F o )/F m (Kitajima and Butler 1975) . È PSII was evaluated as (F m ' À F s )/F m ' (Genty et al. 1989) . ETR PSII was calculated as È PSII Âphoton flux density (mEm À2 s
). The reduction of P700 + in darkness was measured with the aforementioned Dual-PAM-100 (Walz) fluorometer by monitoring absorbance changes at 830 nm and using 875 nm as a reference. Cells were kept in the dark for 2 min, and 10 mM DCMU was added to the cultures prior to the measurement. The P700 was oxidized by far-red light with a maximum at 720 nm from a lightemitting diode lamp for 30 s, and the subsequent rereduction of P700 + in the dark was monitored and its half-time was calculated.
Sulfate measurement
Sulfate concentration was measured using a previously described method (Huang et al. 2012 ) with some modifications. In brief, 1 ml cell suspension samples upon exposure to HL were withdrawn from the 60 ml serum bottles at 0 or 12 h (see Fig. 2 ) and were supersonically disrupted with a power of about 100 W by six repetitions of a 20 s pulse followed by 3 min incubation on ice. The homogenate was centrifuged at 12,000Âg for 5 min at 4 C to remove unbroken cells and debris. Prior to measurement, the supernatant was filtered through a 0.22 mm filter. Subsequently, SO 2 À 4 in the supernatant was determined using an ICS-5000 ion chromatograph (Dionex) equipped with an IonPac AG19 guard column (4 mmÂ50 mm) and an IonPac AS19 separation column (4 mmÂ250 mm), connected with a conductivity detector (Dionex).
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